The enzyme catalysing the synthesis of farnesyl pyrophosphate from dimethylallyl pyrophosphate and isopentenyl pyrophosphate, or from geranyl pyrophosphate and isopentenyl pyrophosphate, has been purified 100-fold from homogenates of pig liver. The enzyme has optimum pH7-9 and requires Mg2+ as activator in preference to Mn2+; it is inhibited by iodoacetamide, N-ethylmaleimide, p-hydroxymercuribenzoate and phosphate ions in addition to the products of the reaction, inorganic pyrophosphate and farnesyl pyrophosphate. From product-inhibition studies of the geranyltransferase reaction, the order of addition of substrates to and release of products from the enzyme has been deduced: geranyl pyrophosphate combines with the enzyme first, followed by isopentenyl pyrophosphate. Farnesyl pyrophosphate dissociates from the enzyme before inorganic pyrophosphate. The existence of isopentenyl pyrophosphate isomerase in liver is confirmed. Methods for the preparation of the pyrophosphate esters of isopentenol, 3,3-dimethylallyl alcohol, geraniol and farnesol are also described.
The enzyme catalysing the synthesis of farnesyl pyrophosphate from dimethylallyl pyrophosphate and isopentenyl pyrophosphate, or from geranyl pyrophosphate and isopentenyl pyrophosphate, has been purified 100-fold from homogenates of pig liver. The enzyme has optimum pH7-9 and requires Mg2+ as activator in preference to Mn2+; it is inhibited by iodoacetamide, N-ethylmaleimide, p-hydroxymercuribenzoate and phosphate ions in addition to the products of the reaction, inorganic pyrophosphate and farnesyl pyrophosphate. From product-inhibition studies of the geranyltransferase reaction, the order of addition of substrates to and release of products from the enzyme has been deduced: geranyl pyrophosphate combines with the enzyme first, followed by isopentenyl pyrophosphate. Farnesyl pyrophosphate dissociates from the enzyme before inorganic pyrophosphate. The existence of isopentenyl pyrophosphate isomerase in liver is confirmed. Methods for the preparation of the pyrophosphate esters of isopentenol, 3,3-dimethylallyl alcohol, geraniol and farnesol are also described.
It was shown by Cornforth, Cornforth, Donninger & Popjak (1966a) that the condensation of a prenyl pyrophosphate, such as 3,3-dimethylallyl pyrophosphate or geranyl pyrophosphate, with isopentenyl pyrophosphate (3-methylbut-3-en-1-yl pyrophosphate) by a soluble enzyme system from liver is a bimolecular nucleophilic substitution, an SN2 reaction, as it occurs with an inversion of configuration at the pyrophosphate-bearing carbon atom of the prenyl pyrophosphate. Farnesyl pyrophosphate is synthesized by two such consecutive reactions catalysed respectively by dimethylallyltransferase and geranyltransferase, which are called here collectively prenyltransferases.
It was shown further that the addition of the prenyl residue of dimethylallyl pyrophosphate or geranyl pyrophosphate to the double bond of isopentenyl pyrophosphate was most probably a two-step reaction involving first a tran8-addition of the prenyl residue and of a nucleophile, X-, to the double bond, followed by a tran8-elimination of X-and of the R-hydrogen from C-2 of the intermediary product of synthesis (Cornforth, Cornforth, Popjak & Yengoyan, 1966b) .
The chemistry of these biosynthetic reactions having been defined, it was decided to elucidate further their mechanism by enzyme kinetic studies; this was the main objective of the work described below.
It was known at the start of our work that the high-speed supernatant from liver homogenates contained all the enzymes needed for the conversion of mevalonate into farnesyl pyrophosphate, and that all these enzymes were precipitated by ammonium sulphate between 30 and 60% saturation (Popjak, 1959; Goodman & Popjak, 1960) . For the kinetic experiments with the prenyltransferases it was necessary to remove interfering enzymes, especially isopentenyl pyrophosphate isomerase, which converts isopentenyl pyrophosphate into 3,3-dimethyallyl pyrophosphate (Agranoff, Eggerer, Henning & Lynen, 1960) . The transferases were recognized first in yeast autolysates and purified about 20-fold by Lynen, Agranoff, Eggerer, Henning & M6slein (1959) , who named the enzyme(s) 'farnesyl pyrophosphate synthetase'. WVhile our work was in progress, Shah, Cleland & Porter (1965) described the isolation of isopentenyl pyrophosphate isomerase, and Benedict, Kett & Porter (1965) the isolation of geranyltransferase from pig liver, which was the source of the enzymes in our work also. Our results have been reported briefly (Holloway & Popjak, 1966) .
MATERIALS AND METHODS
High-voltage paper electrophore8i&. All high-voltage paper-electrophoretic analyses of prenyl phosphates were 57 carried out on an apparatus manufactured by the Locarte Co., London, W. 14, with a voltage gradient of 72v/cm. and pyridine-acetic acid-water (25:2:600, by vol.) buffer, pH6.1. The paper strips used were either Whatman no. 1 or 3MM as specified. The prenyl monophosphates and prenyl pyrophosphates were detected on the paper by spraying the strips first with the acid molybdate reagent of Hanes & Isherwood (1949) . The effect of acid at pH2 and below on the prenyl monophosphates and prenyl pyrophosphates is the rapid liberation of inorganic orthophosphate and inorganic pyrophosphate respectively. The former gives an immediate yellow colour with molybdate and turns blue after exposure to u.v (Kharasch & Fuchs, 1944; Wagner, 1949; Yuan & Bloch, 1959; . The labelled alcohol had a specific activity of 1 uc/jumole and was diluted with unlabelled material to a specific activity of 0.069,uc/,umole from which the [1-14C]isopentenyl pyrophosphate (as the trilithium salt) was prepared by our colleague Dr C. Donninger. Briefly, the labelled alcohol was first phosphorylated with POCl3 and pyridine (Foote & Wold, 1963) ; the resulting monophosphoric acid ester was then converted by the method of Moffatt & Khorana (1961) , through the phosphoromorpholidate as intermediate, into the pyrophosphate. High-voltage electrophoresis, as described for the biosynthetic isopentenyl pyrophosphate, showed that the preparation contained 80% of isopentenyl pyrophosphate and 20% of another component that had a mobility of 1-12 relative to isopentenylpyrophosphate. The preparation did not contain inorganic orthophosphate. On thinlayer (0.25mm.) plates of silica gel H with propan-l-ol-aq. NH3 (sp.gr. 0-88)-aq. 1% (w/v) EDTA (6:3:1, by vol.) as developing solvent (Plieninger & Immel, 1965) , the specimen showed three 14C-labelled components: isopentenyl pyrophosphate (80%; R,0-08), isopentenyl monophosphate (12%; RB0-19) and an unidentified substance (8%; Popjik, Cornforth, Cornforth, Ryhage & Goodman (1962) for the phosphorylation of farnesol. The products from the phosphorylation of 4m-moles of 3,3-dimethylallyl alcohol were extracted from the acetonitrile solvent into aq. 0-1 N-NH3 as described by Popja,k et al. (1962) . This solution was concentrated on a rotary evaporator to a few millilitres and applied to a column (60cm.xl-3cm.) of silica gel (Whatman SG31) previously equilibrated with propan-l-ol-aq. NH3 (sp.gr. 0-88)-aq. 1% (w/v) EDTA (6:3:1, by vol.) (Plieninger & Immel, 1965 The Amberlite XAD-2 resin was prepared by washing it several times alternately with methanolic 0-01 N-NH3 and with aq. 0-01 N-NH3, the last washing being with the latter. A suspension of the resin in aq. 0-01 N-NH3 was added in portions to the aqueous extract of the products of phosphorylation until, according to analysis on the thinlayer sheets, all the phosphorylated farnesol became adsorbed on the resin; the supernatant was then discarded. The inorganic salts were first removed from the resin by repeated washing with aq. 0-01 N-NH3; the farnesyl derivatives were then eluted with methanolic 0-01 N-NH3, the elution being followed by thin-layer chromatography. The combined methanol extracts (about ml.) were applied directly on to a column (65mm. x 4mm.) of DEAE-cellulose (Whatman DE-1l cellulose) equilibrated with methanol containing ammonium formate (80mm) for the separation of farnesyl monophosphate and farnesyl pyrophosphate (Rilling, 1966) . Farnesyl monophosphate was eluted with methanol-80mm-ammonium formate (2ml.) and farnesyl pyrophosphate with methanol-80mM-ammonium formate-0-2N-NH3 (2ml.). The eluate of farnesyl pyrophosphate was evaporated to dryness in vacuo (water pump). The dry residue was dissolved in 0-2ml. of aq. 0-1 N-NH3 and evaporated again; the process was repeated twice more.
The final product was dissolved in lml. of lOmm-tris-HCI buffer, pH8.5. According to analysis for organic acidlabile pyrophosphate (Goodman & Popjik, 1960) , the preparation contained 20,umoles of farnesyl pyrophosphate; it was free of inorganic phosphate and farnesyl monophosphate and showed only a single spot (RBO-54) on chromatography on the Eastman-Kodak thin-layer sheets as above.
Pusrijication of prenyltransferase(s). Fresh pig liver, chilled in ice, was cut into small pieces and homogenized in 100g. lots in a Waring Blendor for 30sec. with 200ml. of a 0-25M-sucrose solution containing KHCO3 (25mM) and EDTA (1 mm). The homogenate was centrifuged successively at 600g for 15min., at 9800g for 20min. and finally at 45000g for 3hr., the sediment after each centrifuging being discarded. The last supernatant (S45), filtered through cheesecloth to remove floating fat, was the source of the prenyltransferases and of isopentenyl pyrophosphate isomerase.
The S45 fraction was fractionated with (NH4)2SO4 between the following limits of saturation: 0-40, 40-50, 50-60, 60-70, 70-80 and 80-100%. The pH was kept at 7.5 by the addition of aq. NH3; the precipitated protein was collected by centrifuging. Each fraction was dissolved in a small volume of 1Omm-tris-HCl buffer, pH7-7, and dialysed against the same buffer for 3hr.
The protein precipitated between 40 and 50% saturation with (NH4)2SO4 (Fso fraction) was substantially free of the isomerase but contained about one-third of the total transferase units of the original 845 fraction. This fraction was further treated for the purification of the transferases as follows.
The pH of the dialysed F50 solution was adjusted to 5 with N-acetic acid; after 5min. a copious white precipitate was removed by centrifuing at 2000g for 15min. and the pH of the supernatant brought to 7-5 with N-KOH. A further small precipitate, formed during neutralization, was removed by centrifuging at 105000g for 30min. The supernatant (FH) retained its enzymic activity for several months when kept at -20°.
Samples of FR fraction (approx. 8ml. containing 400mg. of protein) were applied to a column (360mm. x 25mm.) of Sephadex G-200 (Pharmacia, Uppsala, Sweden) equilibrated in lOmM-tris-HCl buffer, pH7-7, and eluted with the same buffer. The column had a void volume of 67ml. as determined with blue dextran (Pharmacia). The trans. ferase had an elution volume of 130ml., the same as that of crystalline bovine serum albumin. The enzyme eluted by the subsequent 16ml. of buffer had the highest specific activity (G-200-1 fraction) and was precipitated by adding the solution slowly to 32 ml. of vigorously stirred saturated (NH4)2SO4 solution, pH7-7. After 30min. the precipitate was collected by centrifuging at 5700g for 20min.; the resulting pellet was kept at -20°. The precipitate was dissolved in a small volume of lOmM-tris-HCl buffer, pH7-7, and dialysed against the same buffer for 3hr. This solution (G-200-1 fraction), free of isomerase, was used for the kinetic and other studies; it retained its enzymic activity for several months when kept at -20°.
The transferase(s) from the G-200-1 fraction were further purified by chromatography on a DEAE-cellulose (Whatman DE-1l) column. A sample of G-200-1 fraction (1 ml.; 2-8mg. of protein/ml.) was applied to a column (100mm. x 15mm.) of DEAE-cellulose previously equilibrated with l0mm-tris-HCl buffer, pH7-7, containing 2-mercapto. ethanol (1mm). The column was eluted with the same buffer with successive stepwise increases in NaCl content of 0, 100mM, 150mM and 300mm. Approx. 40ml. of each buffer was run through the column, the changes being made when a protein peak had been completely eluted. The elution of protein from Sephadex and DEAE-cellulose columns was followed with an LKB Uvicord instrument (type 4701A; LKB Produkter AB, Stockholm, Sweden).
The protein eluted with buffered 150mm-NaCl had the highest transferase activity ('DEAE' fraction; cf. Table 2 ). Protein was assayed by the biuret method of Gornall, Bardawill & David (1949 supernatant of pig-liver homogenates. Although the F50 and F60 fractions contained the bulk of the transferases, only the former was used for further purification of these enzymes because the latter contained much of the isomerase as well. The transferase activity of the F70 fractions from various preparations was so feeble that its isomerase content could be assayed by the method described only after addition of purified transferase.
The results of the further purification of the F50 fraction, as outlined in the Materials and Methods section, are shown in Table 2 . Neither the G-200-1 fraction nor the protein after DEAE-cellulose chromatography contained any isomerase. The overall purification achieved was 100-fold.
Although the purification procedure was designed for the geranyltransferase, it was found that the preparations were as active with dimethylallyl pyrophosphate as with geranyl pyrophosphate at all stages of purification (Table 3 ). The possible significance of this observation is discussed below.
Products cf reaction8 catalysed by i8opentenyl pyropho8phate i8oMera8e and by prenyltransfera8e. Time (min.) Fig. 1 . Gas-liquid-radiochromatographic analysis of product of isopentenyl pyrophosphate isomerase. The details of the experiment are described in the Materials and Methods section. The analysis was done at 850. The simultaneous recording of the response of the mass detector and of the scintillation counter was taken with a multichannel recorder, the base lines of the two galvanometers being on opposite sides of the chart. The appearance of radioactivity coincided with the mass peaks of isopentenol and dimethylallyl alcohol.
The experiment designed to demonstrate the product of isopentenyl pyrophosphate-isomerase catalysis was described in the Materials and Methods section. Here it is shown (Fig. 1 ) that in the particular experiment about one-half of the [1-14C]isopentenyl pyrophosphate added to the incubation mixture was converted into dimethylallyl pyrophosphate. This follows from the observations that (a) all the radioactivity added to the reaction mixture as [1-14C]isopentenyl pyrophosphate was found in the distillate after treatment of the enzyme incubation with phosphatase, and (b) that no other radioactive substance but isopentenol and 3,3-dimethylallyl alcohol was found in the preparation. Thus we can confirn the existence of isopentenyl pyrophosphate isomerase in liver, shown by Shah et al. (1965) , as in yeast (Agranoff et al. 1960) .
The nature of the product of the reaction catalysed by the prenyltransferase was established by previously published procedures (Popjik, 1959; Goodman & Popjak, 1960 The pH optimum of the transferase was 7-9-8-0 as measured in four buffer systems (Fig. 3) , although in lOOmM-tris-hydrochloric acid buffers nearly identical reaction rates were found between pH 7-5 and 8-5. Phosphate buffers were unsuitable for the study of this enzyme: 100mM-phosphate buffer caused a 90% inhibition even near the pH optimum of the enzyme (cf. Fig. 3 ). Geranyltransferase has an absolute requirement for Mg2+, Mn2+ being an inferior substitute (Fig. 4) .
In addition to orthophosphate and inorganic pyrophosphate (see below), thiol reagents inhibited the enzyme also: 80% inhibition was observed after preincubation of the enzyme at 370 for 5min. with 2mM-iodoacetamide, 5ILm-N-ethylmaleimide or 0'5,iM-p-hydroxymercuribenzoate. The Table 4 .
The values of Km obtained from these experimental data, together with their standard errors, were 434 + 1 71 ,M for geranyl pyrophosphate and 1 45 + 0-117pum for isopentenyl pyrophosphate.
(b) Analysis of reaction mechanism of geranyltransferase by product-inhibition studies. Cleland has discussed in detail the theory of inhibition of enzyme-catalysed reactions by their products (Cleland, 1963c) and how the patterns of product inhibition may be used to deduce the mechanism of reactions (Cleland, 1963b,d Table 4 . Data used with a computer programnme of Cleland (1963a) against the reciprocals of the concentrations of the varied substrate. As discussed in more detail below, we interpret the results as indicating that farnesyl pyrophosphate behaved as a non-competitive inhibitor whether geranyl pyrophosphate or isopentenyl pyrophosphate was the varied substrate ( Figs. 5a and 5b ). Inorganic pyrophosphate, on the other hand, was a competitive inhibitor with respect to geranyl pyrophosphate (Figs. 6 and 7a) and a non-competitive inhibitor with respect to isopentenyl pyrophosphate (Fig. 7b ).
DISCUSSION
The main object of our work was the study of the mechanism of the geranyltransferase reaction. Kinetic experianents alone can distinguish between various enzyme mechanisms involving more than one substrate and product, but for such analyses data of higher precision than our assays permitted are needed. We had to rely on the determination of the products formed in briefincubations by chemical manipulations, followed by assay of 14C, as a measure of initial reaction rates. Such a procedure is less accurate than, e.g., a continuous spectrophotometric assay; its errors are reflected in the standard error of the Km values for the two substrates (about + 30% for the Km of geranyl pyrophosphate and about+ ±10% for that of isopentenyl pyrophosphate). Because of the limitations of the assays of enzymic activity we relied on productinhibition studies for deducing the mechanism of Bioch. 1967, 104 Vol . Owing to the very low concentrations of geranyl pyrophosphate used, and hence low reaction rates in this experiment, 5ml. incubation mixtures were set up to provide amounts of product sufficient for assay. The reaction mixtures contained, in addition to the substrates: 20ug. of protein/ml. (specific activity 75), tris-HCI buffer, pH7-9 (lOOmx), and M9gC2 (4mm). (1963b,c,d) has pointed out that the pattern of inlhibition of enzymic reactions by their products is characteristic ofthe mechanism. Figs. 5-7 show that both farnesyl pyrophosphate and inorganic pyrophosphate inhibited the geranyltransferase reaction. When farnesyl pyrophosphate was the inhibitor, the vertical intercepts as well as the slopes of the lines representing the plot of l/v against l/[S] were affected, irrespective of whether geranyl pyrophosphate or isopentenyl pyrophosphate was the varied substrate; the lines representing these plots intersected, within experimental error, at a point to the left of the ordinate and above the abscissa (Figs. Ba and 5b) . The plots of the vertical intercepts, or of the slopes of these lines, against the inhibitor (farnesyl pyrophosphate) concentrations were found to be linear. Hence we conclude that farnesyl pyrophosphate acted as a non-competitive inhibitor with respect to both substrates of geranyltransferase.
When inorganic pyrophosphate was the inhibitor and isopentenyl pyrophosphate the varied substrate (Fig. 7b) , again both the vertical intercepts and the slopes of the lines of the 1/v versus 1/[S] plots were affected; thus the inhibition in this instance is alsonon-competitive.
As is seen from Figs. 6 and 7(a), inorganic pyrophosphate behaved differently when geranyl pyrophosphate was the varied substrate. Cleland (1963b) , is shown in Scheme 1, where E is the enzyme, S1 and S2 are the two substrates and P and Q are the products of the reaction; the k values are velocity constants.
We are proposing the formation of a central complex (ESlS2-EPQ), which is required by the previous chemical studies of the prenyltransferase reaction (Cornforth et al. 1966b Cleland, 1963b) .
In eqns. (3), (4), (5) and (6) When Q, the last product to dissociate from the enzyme, is used as inhibitor, and S1 or S2 are the varied substrates, l/v is represented by eqns. (5) and (6) Cleland (1963b) , which might have been considered for the geranyltransferase reaction, is excluded, not only by the product inhibition pattern, but also by previous chemical studies of the reaction between a prenyl pyrophosphate and isopentenyl pyrophosphate.
The rate equations for mechanism II (not presented) predict that product P should behave as a non-competitive inhibitor when Si is the varied substrate at non-saturating (fixed) concentrations of S2, and as a competitive inhibitor when S2 is the varied substrate at all (fixed) concentrations of S-. Product Q, on the other hand, should be a competitive inhibitor when Si is the varied substrate at all (fixed) concentrations of S2 and a non-competitive inhibitor when S2 is the varied substrate at unsaturating concentrations of Si. This pattern of inhibition is different from that observed.
Mechanism II differs from mechanism I in that one of the two products of the reaction is formed and released from the enzyme before a modified form (F) of the enzyme combines with the second substrate. With geranyltransferase, this could have meant (a) the initial alkylation of the enzyme with the geranyl residue of geranyl pyrophosphate and release of inorganic pyrophosphate, followed by (b) the reaction of the alkylated form of the enzyme with isopentenyl pyrophosphate. Such a mechanism was suggested by Bloch (1965) in his Nobel Lecture. Reactions (a) and (b) would necessarily be nucleophilic substitutions of the SN2 type, each resulting in an inversion of configuration at C-1 (the pyrophosphate-bearing carbon atom) of the geranyl residue; in the final product the configuration of the hydrogen atoms (distinguishable by isotopic labelling) at this carbon centre should then be the same as at C-1 of the starting geranyl pyrophosphate. It was shown (Cornforth et al. 1966a ) that in farnesyl pyrophosphate the configuration at the carbon atom derived from C-1 of geranyl pyrophosphate was epimeric with the configuration at C-1 of the geranyl pyrophosphate used in the reaction as substrate. We are thus satisfied that the deductions based on product-inhibition studies of the geranyltransferase reaction are in harmony with the conclusions of the previous chemical investigations of this reaction.
It is difficult to comment on some of the differences between our observations and those of Benedict et al. (1965) (Cornforth et al. 1966a,b) have shown that the mechanism of the carbon-to-carbon bond formation was the same for the synthesis of the diprenyl pyrophosphate as well as for the triprenyl pyrophosphate. This fact, taken together with our inability to separate the geranyltransferase from dimethylallyltransferase even after 100-fold purification of the former, suggests the attractive hypothesis that these two catalytic activities are the properties of one protein. This idea requires that the enzyme can bind either one molecule of dimethylallyl pyrophosphate and two of isopentenyl pyrophosphate, or one molecule of geranyl pyrophosphate and one of isopentenyl pyrophosphate. A linear, and schematic, representation of these ideas is given in Scheme 3. Since it was shown (Cornforth et al. 1966b ) that the addition of the prenyl residue (dimethylallyl or geranyl) to the double bond of isopentenyl pyrophosphate occurs from a plane on which the -CH2.CH2.0PO3H.PO3H2, -OHs and =CH2 groups of isopentenyl pyrophosphate appear in a clockwise order, we imagine that the binding of dimethylallyl pyrophosphate (or of geranyl pyrophosphate) and isopentenyl pyrophosphate may occur on two sides of a narrow groove in the enzyme. One side could be lipophilic and the other contain the binding sites for the polar groups of the prenyl pyrophosphate. Since, according to the product-inhibition studies, isopentenyl pyrophosphate is bound to the enzyme after geranyl pyrophosphate, it is plausible to suppose that the binding of the latter is assisted by the pyrophosphate group of the first substrate already bound to the enzyme. These ideas are supported by the examination of molecular models. The alignment of, e.g., dimethylallyl pyrophosphate and of isopentenyl pyrophosphate required for the linear transition state in an S,.2 reaction between the two substrates is shown in Fig. 8 ; interaction between the pyrophosphate groups is clearly possible and may be enhanced by co-ordination by Mg2+.
The inhibition of the geranyltransferase reaction by iodoacetamide, N-ethylmaleimide and phydroxymercuribenzoate suggests the involvement of a thiol group in the catalytic reaction. It is possible that the nucleophilic group, X-, required for the stabilization of the intermediary product of condensation, is a thiol group of the enzyme. The inhibition of the liver geranyltransferase by iodoacetamide is in contrast with the resistance of the 'farnesyl pyrophosphate synthetase' from yeast to this reagent .
At the beginning of this paper we used the termn prenyl pyrophosphate to describe collectively dimethylallyl pyrophosphate, geranyl pyrophosphate and farnesyl pyrophosphate, and also the term prenyltransferase for dimethylallyltransferase and geranyltransferase. This terminology follows a previous proposal (Popj6k & Cornforth, 1960) 
